The Subcommittee for Taxonomy of Methanogenic Bacteria has agreed in principle on minimum requirements for the description of new taxa of methanogenic bacteria. These requirements, as well as methods for determining specified characteristics, are indicated here and are proposed as minimal standards for the taxonomic description of new taxa of methanogens. The specified phenotypic characteristics are often not sufficient to distinguish among taxa or to determine the phylogenetic placement of a taxon, and, in these cases, additional chemotaxonomic, molecular, or genetic data may be required. The placement of a new taxon should be consistent with phylogeny, usually based on tests such as nucleic acid sequencing or cataloging studies or on protein fingerprinting. Suggestions are welcome for the improvement of these requirements, which are tentative until given final approval by the International Committee on Systematic Bacteriology.
Methanogenic bacteria are the only organisms which produce a hydrocarbon (viz., methane) as a major catabolic product. In general, the catabolic range of these organisms is very restricted, with many species limited to growth on mixtures of H, and CO,, from which they produce CH, and H20. Other species may catabolize formate, acetate, methanol, and a limited range of other substrates, Substrates and products of catabolism are a major part of the taxonomic descriptions of nonmethanogenic bacteria, but other methods are required for methanogenic bacteria because of their restricted catabolism and their extreme phylogenetic diversity. Phenotypic characters are useful for taxonomy of methanogens include immunological, polyamine, lipid, cell wall, and protein analysis characters.
The paucity of readily identifiable phenotypic characteristics useful for distinguishing methanogens has led to a classification system based largely on phylogenetic assessments. Balch and co-workers (2) used 16s ribosomal ribonucleic acid analysis to develop the current system of classification. Although determination of physiological, morphological, and structural characteristics may allow the assignment of a methanogenic strain to a new species, often these characteristics are not sufficiently distinctive. In order to maintain the phylogenetic basis for taxonomy of methanogens, data which indicate phylogenetic placement must be collected in these instances. Methods for securing these data include interspecies deoxyribonucleic acid (DNA) hybridization, DNA-ribosomal ribonucleic acid hybridization, and ribosomal ribonucleic acid cataloging or sequencing. The Subcommittee for Taxonomy of Methanogenic Bacteria strongly recommends that the minimal standards should include phylogenetic studies for all descriptions of new taxa of methanogens above the rank of species and also for species descriptions when placement based on nonphylogenetic methods is unclear. In such cases, phylogenetic comparisons should be made between the proposed new type strain and the type strain of each similar species. The Subcommittee proposes that the phylogenetic criteria should * Corresponding author. t Proposal by the Subcommittee for Taxonomy of Methanogenic Bacteria. take precedence over physiological and morphological data in determining the taxonomic position of a species.
When phenotypic data clearly indicate that a new strain is a member of a genus, the assignment of that strain to an existing or new species within that genus may be based on phenotypic or phylogenetic data. Experience has shown that phenotypic data, such as major differences in the optimal temperature for growth or differences in the guanine-pluscytosine (G+C) contents of DNAs, indicate that strains should be placed in separate species. Alternatively, a new species may be distinguished from existing species by interspecies hybridization of DNAs when the level of DNA-DNA relatedness is less than 70%, the difference in melting temperatures is greater than 5"C, and phenotypic differences can be demonstrated (61) .
In addition to data indicating the placement of a new taxon, a description must also provide phenotypic characteristics. The Subcommittee proposes the data described below as the minimum data to be contained in the description of each new species of methanogenic bacteria. However, the members of the Subcommittee recognize that the description of extraordinary microbes may require flexibility in the application of the tests described below.
It is preferable to base descriptions of new species on characteristics of as many strains as possible, isolated from different locations. The characterization described here as the minimal standards applies only to one strain designated as the type strain; other strains should be characterized as thoroughly as possible.
Culture purity. Purity of a type strain is required for description of a new species. In extraordinary cases exceptions may be made but only after exhaustive efforts to obtain culture purity have failed and success is unlikely. The reason for this requirement is that the characteristics of an impure culture may be confounded by the presence of contaminating bacteria, making comparisons with existing taxa problematic. When manuscripts proposing new species are known to be based on studies of impure cultures, this must be stated explicitly.
Culture purity can never be a certainty, but it should be checked as carefully as possible. When an organism is isolated by using solidified medium, purity is obtained by picking isolated colonies, diluting them serially, and recul-turing them in solid medium in roll tubes or plates. This reculturing is repeated until a single colony type remains. Serial dilution is used to provide a range of inoculum sizes; the number of colonies produced is ascertained to be proportional to inoculum size. A well-isolated colony is picked and used to inoculate culture medium; this should be checked by microscope or hand lens for the presence of satellite colonies of contaminating organisms. Because the viability of strictly anaerobic bacteria is often highly variable, isolated colonies from low dilutions may still be contaminated by nongrowing but viable bacteria of another species. Thus, additional tests must be performed to ensure purity. The culture is maintained in medium without antibiotics and is checked microscopically for uniformity of morphological types. Various media (e.g., Brewer thioglycolate medium) without methanogenic substrates (but containing likely substrates for heterotrophic contaminants) are inoculated and checked microscopically for the presence of contaminan ts .
General morphology. Size, shape, and multicellular arrangements of growing cells are reported. Fresh wet mounts are examined microscopically by viewing near the center of the cover slip. The lysis of some coccoid forms, such as Methanococcus spp., may be observed near the edge of the cover slip, perhaps because of 0, exposure or pH changes resulting from loss of CO, from solution.
Susceptibility to lysis. Cells from the mid-logarithmic to late logarithmic growth phase are tested for susceptibility to lysis by detergents and by hypotonic conditions. Lysis may be determined by visual observation of exposed and nonexposed cultures after 10 min. Decreased turbidity revealed by visual observation indicates lysis, which may be checked by microscopic examination and comparison with nonexposed controls. Susceptibility to lysis by sodium dodecyl sulfate (SDS) is determined by adding a concentrated solution of SDS to cultures to give a final concentration of 0.1 g of SDS per liter. Susceptibility to lysis by SDS normally indicates a proteinaceous cell wall. Susceptibility to lysis by a hypotonic solution is determined after centrifugation. A culture is divided in half, and each half is centrifuged to form a soft cell pellet. Typical centrifugation parameters are 10,000 X g for 2 min, or 2,000 x g for 20 min. The supernatants are decanted, and the remaining liquid is removed from the sides of the centrifuge tubes with paper toweling. One cell pellet is suspended in distilled water, and the other is suspended in a solution containing the inorganic constituents of the growth medium. Susceptibility to lysis under hypotonic conditions is indicated within 10 min by a dramatic reduction in the turbidity of the cell suspension in distilled water.
Gram staining. Gram staining has less phylogenetic importance for archaeobacteria, such as methanogens, than for true bacteria, and Gram stain results for methanogens are variable. However, Gram staining is required for characterization of new species. Gram staining is performed by the Hucker method or the Burke method (reference 13, p. 26-27), and the results should be compared with results for known gram-positive and gram-negative organisms. Because methanogens are positioned outside the gram-positive and gram-negative branches of the phylogenetic tree, and because they lack murein containing muramic acid and typical gram-negative or gram-positive cell wall structures, results are reported as "cells stain gram negative (or positive)" rather than "cells are gram negative (or positive)." Some methanogenic species with proteinaceous cell walls may lyse during drying, precluding determination of their Gram reactions.
Motility. In many cases, motility may be observed in wet mounts; cultures from different growth phases should be examined. Hanging-drop preparations may be used, preferably prepared in an anaerobic chamber and observed there by using a microscope tube or prepared in a chamber by sealing with petroleum jelly-paraffin ( l : l , vol/vol) at the edges of the cover slip and observed outside the chamber.
Colony morphology. The description of colony morphology is based on the appearance of growing surface colonies on solidified medium in roll tubes or on plates. If surface colonies cannot be obtained, a description of subsurface colonies may replace the description of surface colonies. Colonies within roll tubes are observed from the top and from the bottom by using a dissecting microscope or hand lens. Varying the position of the light source is useful in revealing colony morphology. The growth and morphology of colonies in roll tubes with fewer than 30 colonies are described. When gaseous substrates (such as H, and CO,) are used, the gas should be frequently restored during growth, or reported observations should be of roll tubes with fewer than 10 colonies. It is also useful to observe the incubation time until colonies are first observed, If colonies do not form in solidified medium, a description of the aspect of growing liquid cultures replaces the description of colony morphology.
Substrate range. The ability to catabolize formate, H, plus CO,, methanol, methylamines (mono-, di-, or trimethylamine), and acetate is always tested. In addition, some strains may also use isopropanol plus CO,, ethanol plus CO,, methanol (or methylamines) plus H,, or dimethyl sulfide. Substrates should be tested at levels which do not inhibit growth. Inhibition by a potential substrate may be determined by inoculating media (i) containing that substrate alone, (ii) containing that substrate plus a small quantity of a second catabolic substrate which the organism is known to utilize, and (iii) containing only the small quantity of the second, utilizable substrate. Measurement of CH, production from these media indicates whether the substrate in question interferes with use of the catabolizable substrate and whether it can be catabolized. If members of the Methanosarcinaceae are found to be incapable of catabolizing acetate, they should be also tested for acetate degradation in medium containing acetate plus a small amount of H,.
Product formation. The production of CH, as the major catabolic product is determined. CH, may be easily measured by gas chromatographic techniques.
Measurement of growth rate. The specific growth rates of logarithmic cultures are determined. Because H, is poorly soluble, cultures growing on this substrate must normally be agitated to avoid substrate limitation. Many methods are suitable for determining the growth of methanogenic cultures; direct methods, such as turbidity, are generally preferred, and whenever possible two different methods should be used. Measurement of turbidity is quick and easy, but other methods must be used for filaments, aggregates, or shapes which do not allow the use of Beer-Lambert relationships. Product (CH,) formation may be used to indicate cell growth, but the CH, previously formed by the cells of the inoculum must be considered in calculations of specific growth rate (43, and CH, accumulation must be logarithmic.
Because CH, is a poorly soluble gas, it spontaneously separates from the culture fluid and may be quantified by gas chromatography. If gas samples taken from vessels are removed by using syringes with gas-tight valves, it is possible to calculate the total CH, present without measuring the ' Flagella present, based on electron micrographs.
"' Growth occurred with Trypticase peptones; other peptones tested did not allow growth.
" See also Schnellen (Ph.D. thesis).
Some strains (other than the type strain) may require or be stimulated by growth factors (49) . Results vary among strains. 4 Methanosarcina mazei occurs as coccoid cells or as pseudosarcinae. Coccoid cells are susceptible to SDS and hypotonic shock, but susceptibility to lysis ' Deposited at the National Research Council, Ottawa, Canada. during drying has not been determined; pseudosarcinae are not subject to lysis by any of these techniques. ' ND, Not determined.
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pressure in the vessel (27, 32) . Either flame ionization or thermal conductivity may be used for detection. Growth conditions. Factors affecting growth should be tested under conditions which are otherwise near optimal. For critical comparisons with other species, controls consisting of the type strains of other species should be tested.
(i) Culture medium. Minimal requirements for organic growth factors are determined by testing for growth in mineral medium containing a catabolizable substrate. If the strain can catabolize inorganic substrates (e.g., H, plus CO,), these should be used. Carry-over of nutrients is eliminated by making at least four sequential transfers with inocula of 5% (vol/vol) or less; fewer transfers may be necessary if inocula are washed with fresh medium before inoculation. If no growth occurs in mineral medium, organic growth factors should be determined. A minimum investigation includes determination of growth in medium containing each of the following, alone and in combinations: acetate, vitamin mixture, peptones, and yeast extract. Determination of mineral requirements (such as Se, W, and Mo) may be important but is optional.
(ii) Temperature range and optimum. The specific growth rate is determined at various temperatures. Small inocula are used. If product formation (i.e., methanogenesis) is used to quantify growth, growth curves of the cultures should be examined to ensure coupled growth. Cultures with slow rates of CH, production or cultures whose growth curves are not logarithmic should be used to inoculate fresh cultures at the same temperature; gas analysis of these cultures may show whether methanogenesis is coupled to growth.
(iii) pH range and optimum. pH range and optimum are determined by comparing specific growth rates in media having various pH values. When bicarbonate-buffered media are used, care must be taken to prevent inhibition by excessive salt concentration. When high-pH media are prepared, the partial pressure of CO, may have to be reduced to prevent excessive bicarbonate concentrations. One method for preparing media having various pH values is to dispense medium into serum bottles to which various amounts of an NaOH solution or HCI are then added to give the desired pH values. Medium pH tends to increase during growth of H,-C0,-using methanogens; this can be avoided by repeatedly repressurizing vessels to the original pressure with an H,-CO, mixture (3:l). This ratio replaces the CO, used, thus maintaining the pH. pH is checked during or after growth to ensure that changes are not significant.
(iv) NaCl optimum. The specific growth rate is determined in media containing various concentrations of NaC1.
Determination of G+C content of the DNA. Standard methods may be used, including buoyant density in CsCl gradients, thermal denaturation, or other methods. Reference DNA is analyzed concurrently; the strain of reference DNA used and its assumed G+C content should be reported. If thermal denaturation is used, unknown and reference DNAs must be dialyzed in the same vessel, and the solutions used for dilution of DNA for the DNA-melting step should be from the same batch.
Values determined by various methods may differ. If the comparison of the G + C contents of two organisms is pivotal in the assignment of one organism to a taxon, determinations should be made by using the same method for both organisms.
Electron microscopy (highly desirable). High-quality transmission electron micrographs of sections and negatively stained envelopes may reveal ultrastructure, including cell wall structure, which can be helpful for discrimination of some bacterial species.
Antigenic fingerprinting (highly desirable). Antigenic analysis by using polyclonal antibodies (1, 11, 28) is often useful in distinguishing organisms at the species level and can corroborate other data at higher taxonomic levels.
Lipid analysis (highly desirable). Membrane lipids may be analyzed by extraction and two-dimensional thin-layer chromatography (16; Y. Koga, M. Ohga, M. Nishihara, and H. Morii, Syst. Appl. Microbiol., in press) or by supercritical fluid chromatography (12) . At present there are few data for comparison, and there are many unidentified lipid components.
Protein analysis (highly desirable). Fingerprint analysis of whole-cell proteins or ribosomal proteins may be accomplished by one-or two-dimensional electrophoresis (37) . Standards used for comparison should be done in the same laboratory and under the same conditions.
Nucleic acid hybridization and sequencing (highly desirable). Because methanogens have fewer easily determined physiological characteristics than most bacteria, phylogenetic assessment using data derived from molecular analysis of nucleic acids may be necessary for taxonomic determinations. For analysis of differences at the species level, DNA-DNA hybridization data are often useful. Strains with more than 70% similarity are placed in the same species. Nucleic acids are labeled in vitro, prior to analysis, by nick translation or iodination (18, 50) . For studies of relatedness at taxonomic levels higher than species, DNA-ribonucleic acid hybridization or ribosomal ribonucleic acid sequencing data are indispensable (55, 67) . Tables 1 and 2 show the reported reactions of species of methanogenic bacteria in tests carried out as described here or carried out in a similar way. This list is a compilation of validly published names, and inclusion on or exclusion from this list implies no taxonomic judgement of the authors or the Subcommittee for Taxonomy of Methanogenic Bacteria.
